INTRODUCTION
Paper and bioethanol industries produce large amounts of waste that contains lignin (Cotana et al., 2014) . Its biodegradation to CO 2 and H 2 O can be achieved by the use of mushroom Lentinula edodes (Leisola et al., 2012) . This mushroom is widely used in traditional Chinese medicine (Matjuðkova and Raipulis, 1999) . It has immunomodulating and anticancerogenic characteristics (Kang, 2013) . At present much attention is being paid to the cultivation of mycelium of this mushroom, which can be used as a zinc source in various diets (Turùo et al. 2007) . It was shown that dry mycelium possesses hepatoprotective properties (Sasidharan et al. 2010) . This mushroom produces also a ligninolytic enzyme complex that includes laccases and peroxidases (Raaska, 1993; Ward et al., 2003) . All enzymes of this complex are very interesting because of their possible biotechnological applications . Use of L. edodes presents a very interesting biotechnological approach because it simultaneously offers two solutions: efficient lignin-containing wastes biodegradation and an efficient approach for L. edodes biomass production. This biomass can be thereby used as a source of biologically active compounds for the pharmaceutical industry. One of the lignin-containing wastes is wheat straw, which is produced in large amounts yearly in agricultural farms. Wheat straw may contain up to 23% lignin (Salvachúa, 2011) .
The main goal of this study was to evaluate Lentinula edodes mushroom mycelium cultivation using lignocellulose and lignin waste obtained after furfural and glucose production from wheat straw.
MATERIALS AND METHODS
In this study we used the mushroom strain Lentinula edodes DSM 3565 received from the German Collection of Microorganisms and Cell Cultures. Cultivation of this mushroom was performed in liquid medium (28 days) and on solid medium (16 days) at +22°C. Liquid nutrient medium was prepared on the basis of 2 times dilution of Malt Extract Broth (Biolife, Italy). To prepare solid nutrient medium the same diluted liquid medium was used with the addition of 20 g/l agar.
PROCEEDINGS OF THE LATVIAN ACADEMY OF SCIENCES. Section B, Vol. 71 (2017) Cultivation of L. edodes mycelium in liquid nutrient medium was performed in 250 ml flasks containing 75 ml of medium with two variants: on an orbital shaker at 140 rpm (aeration conditions) and in static conditions (without shaking). At the beginning of cultivation each flask was inoculated with two mycelium disks. After termination of mushroom cultivation, all flasks were filtered (two times) in sterile conditions to separate mycelium from cultural medium. Mycelium was washed two times with sterile distilled water. Then it was dried at 45°C and biomass yield was determined. Filtrates were stored at -20°C until determination of laccase activity.
Petri plates were used for cultivation of mushroom on solid nutrient medium. In this case the central part of each Petri plate was inoculated with mycelium previously grown for ten days. A sterile metal hollow tubule with diameter 0.7 mm was used for inoculation. Mycelium colonies were measured daily.
Liquid and solid nutrient media were supplemented with wheat straw lignocellulose that remained after production of furfural or with wheat straw lignin that remained after production of furfural and glucose. In some experiments kraft lignin (Sigma-Aldrich Chemistry) was added to liquid and solid nutrient media.
Laccase activity was determined by spectrophotometry at l = 436 nm using the 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (Sigma-Aldrich Chemistry) method (Niku-Paavola et al., 1990) .
Experiments were conducted at least in triplicate. Results were expressed as means ±SD.
RESULTS

Lentinula edodes mycelium growth in liquid nutrient media
L. edodes mycelium cultivation in liquid medium containing commercial kraft lignin. We determined the effect of addition of kraft lignin at concentrations 0.05%, 0.25%, 0.5%, 1.0%, and 2.5% in liquid medium on L. edodes mycelium formation. These experiments were performed in flasks with shaking (140 rpm) and without shaking. The obtained results are shown in Table 1 . Addition of lignin in concentration 0.25-0.5% increased mycelium biomass yield approximately two times compared with yield in conditions without lignin addition, for cultivation with and without shaking. Addition of 2.5% lignin to nutrient medium led to strong suppression of mycelium growth also in both cases (with or without shaking). Mycelium growth was related with decrease of nutrient medium pH from 7 to a lowest value of 3.5.
Lentinula edodes mycelium cultivation in liquid medium containing wheat straw lignocellulose (after production of furfural) and remaining lignin (after production of furfural and glucose). We determined the effect of addition to liquid nutrient medium of lignocellulose which remained after furfural production from wheat straw and of addition of lignin which remained after furfural and glucose production from wheat straw. The results of these experiments are shown in Figure 1 . Addition to nutrient medium of both compounds (lignocellulose or lignin) at optimum concentration of kraft lignin addition (0.5%) led to increase of mycelium yield. This effect was stronger in the case of cultivation with good aeration (shaking at 140 rpm) than in static culture. The results represent the mean ± standard deviation of at least three independent experiments. aeration was 2.5 times higher than in the reference culture without addition of lignocellulose or lignin (Fig. 1) .
In conditions of static growth without shaking, mycelium formed a dense film on the surface of liquid medium, which can be explained by the aerobic character of metabolism of L. edodes. In well aerated culture (shaking conditions) mycelium in liquid medium formed separate colonies resembling small beads.
Activity of laccase in cultivation medium increased with addition of wheat straw lignocellulose or lignin after mushroom mycelium growth for 28 days only in the case of cultivation with aeration (shaking conditions) ( Table 2) .
Lentinula edodes mycelium growth on solid nutrient media
We also determined the effect of addition of kraft lignin to the solid nutrient medium (Fig. 2) on the growth of L. edodes mycelium on solid nutrient medium. Addition of kraft lignin in small amount (0.1 g or 0.5%) during the first 14 days of cultivation resulted in slightly lower growth of mycelium, but there was no effect during the next 14 days. Addition of larger amounts (0.5 g or 2.5%) of kraft lignin significantly suppressed growth of mycelium during the whole cultivation period. Cultivated on solid medium with addition of wheat straw lignocellulose obtained after furfural production or wheat straw lignin obtained after furfural and glucose production promoted growth of mycelium during the first seven days of cultivation (Table 3) .
DISCUSSION
L. edodes is an edible mushroom with high value. It contains about 30% carbohydrates, 39% crude fibre, 17% crude protein, and 2% crude fat (Wang et al., 2014) . Many beneficial medical uses of this mushroom for human health have been shown and reviewed during recent years. These include reduction of cholesterol, lowering of blood pressure, strengthening of the immune system, positive effects in application in anti-tumours treatment, and improvement of liver function (Bobek et al., 1991; Mau et al., 2002; Baba et al., 2015) . Improvement of human health by shiitake mushroom is usually explained by chemical compounds such as lentinan, eritadenine, and l-ergothioneine. It contains also anti-oxidants and vitamins A, C, D, E (Mau et al., 2002; Smith et al., 2002; Baba et al., 2015; Smith et al., 2015) . Besides application for the improvement of human health this mushroom can be very efficiently used also in the feeding and veterinary treatment of various animals. For example, recently it was shown that fish diet supplemented with L. edodes mushroom extract improved immune response and disease resistance in rainbow trout and decreased mortality rate against Lactococcus garvieae (Baba et al., 2015) . It is also known that L. edodes produces high amounts of hydrolases and oxidases for bioconversion of lignocellulosic wastes (Harris-Valle et al., 2014) . There include manganese peroxidase, a number of oxidases and oxido-reductases like aryl alcohol oxidases and laccase (Harris-Valle et al., 2014) .
Usually shiitake mushroom is cultivated on hardwood sawdust with grains as the nitrogen source (Royse, 1997; Rossi et al., 2003) . It seems very interesting to use various agricultural wastes containing lignocellulose and/or lignin for L. edodes cultivation, as this would allow to simultaneously decrease the amount of wastes and to increase mushroom biomass yield using cheap substrates. This approach was applied in our current study. For cultivation of L. edodes we used lignocellulose and lignin which remained after furfural production (for its further use in the chemical industry) and after glucose obtainining (for the production, for example, of bioethanol as a fuel) from wheat straw. Cultivation of The results represent the mean ± standard deviation of at least three independent experiments. L. edodes mycelium in liquid nutrient medium with addition of 0.25-0.5% kraft lignin increased mycelium biomass yield by approximately two times compared with reference experiments without addition of lignin. Similar results were obtained in experiments in which we added to the nutrient medium 0.5% lignocellulose which remained after furfural production or 0.5% of lignin which remained after furfural and glucose production from wheat straw. This effect was stronger in cultivation with good aeration than in static culture. Laccase activity in the medium increased after addition of wheat straw lignocellulose or lignin only in the case of mycelium cultivation with aeration. In cultivation on solid nutrient medium, addition of wheat straw lignocellulose and lignin promoted growth of mycelium only in the first 7 days of cultivation.
There are few studies that can be compared with our results. Nevertheless, it was previously shown that lignin-derived phenols and polymeric lignin can promote growth of white-rot fungi, including L. edodes (Beltrán-García et al., 2001; Ferrara et al., 2002) . Recently, addition of glucose and lignin in nutrient growth medium was shown to promote fungal growth and glucose was necessary for the manifestation of lignin growth-stimulating activity (Harris-Valle et al., 2014) . We did not examine the effect of glucose in our study, but glucose was present in the used nutrient medium for the growth of L. edodes. It is not clear if lignin can be used by L. edodes as a carbon source or if it simply promotes growth (Harris-Valle et al., 2014) . However, the observed significant increase of laccase activity after addition of lignocellulose or lignin to the nutrient medium suggest use of lignin as a carbon source. Of course, this should be tested in future experiments. Recently it was proposed that fungi can use lignin as a carbon source only in the case when it exists as a small polymer (Leisola et al., 2012) . Therefore, in future experiments it would be interesting also to test if preliminary treatment of substrate material with lignin-modifying enzymes would facilitate lignin use for L. edodes growth. The main conclusion from this study is that lignocellulose and/or lignin which remain after production of different valuable substances from various cellulosecontaining waste substrates (Rapoport et al., 2014) can be also efficiently used for mushroom production and for the development of new completely waste-less technology.
